 Tree shade benefits are important for residential outdoor thermal environment.  ENVI-met was used to evaluate the climate benefits from different tree layouts.  Equal interval tree layouts offer the largest cooling benefits to neighborhoods.  Findings provide guidelines to effective arrange trees for cooling.
Introduction
The urban heat island (UHI) effect is a well-known phenomenon caused by the change of energy balance and thermal properties of the built environment (Oke, 1982) . The UHI effects increase air and surface temperatures, result in higher energy demand for cooling, degrade air quality, decrease in human thermal comfort, and increase to heat-related morbidity and mortality (Bi et al., 2011; Nazaroff, 2013; Song and Wang, 2015; Wentz et al., 2016; Zhao et al., 2015) .
Vegetation is the most common method to alleviate the negative impacts of the UHI (Declet- Barreto et al., 2013; Huang et al., 1987; Wang et al., 2016; Zhao et al., 2014) . While turf lawns and shrubbery provide surface shading, trees are more effective by blocking short-wave radiation penetration to the surface, reducing long-wave radiation exchange, and generating evapotranspiration with less water consumption comparing to turf grass .
Without effective and adequate vegetation coverage in residential neighborhoods, urban residents experience severe human thermal discomfort and result in serious heat-related morbidity and A C C E P T E D M A N U S C R I P T mortality in the outdoor environment, especially to the elderly and children (Chow et al., 2012; Vanos et al., 2016) . Increasing tree canopy coverage in a desert city like Phoenix needs more examination because the high cost of water limits the number of trees to be planted in each of the residential household (Zhao, 2017; Zhao et al., 2017 Zhao et al., , 2018 . Thus, the goal of this research is to quantify the appropriate arrangement of trees in residential neighborhoods and to optimize performance from the limited number of trees to reduce the UHI effect and improve human comfort.
Existing research to explore how location and arrangement of trees influence the built environment uses methods including remote sensing and numerical simulation. Remote sensing research shows that vegetation coverage reduces the urban surface temperature at the city and regional scales (Myint et al., 2013) . However, the specific effects of tree locations and arrangements have not been explored widely because of the reduced availability of high resolution thermal satellite images (Zhao and Wentz, 2016) . Recently, using high resolution thermal remotely sensed images (60 m/pixel), Myint et al. (2015) and Fan et al. (2015) showed that a clustered arrangement of trees improved cooling effects compared to dispersed tree arrangement. However, the use of remote sensing introduces two limitations. First, remote sensing techniques can only derive the top canopy surface temperature. Existing research rarely assess and compare canopy surface temperature and air temperature under the tree canopy by field measurement. Second, air temperature, wind speed, mean radiant temperature (MRT), and relative humidity need to be incorporated into the calculation of human thermal comfort under different tree locations and arrangements. Knowing the thermal perception and degree of physiological stress of an urban neighborhood is more meaningful for urban residents than just recognizing extreme heat areas from the urban surface temperature. Thus, we still do not understand thoroughly how tree locations and arrangements influence the built environment by the existing remote sensing research. As an alternative to remotely sensed data and methods, numerical simulation methods such as the 3D computational fluid dynamics (CFD) modeling, has the capabilities to simulate the urban environment of airflow, pollution dispersal, pedestrian thermal comfort, and vegetation effects . Numerical simulation overcomes the limitations of remote sensing because it gives the availability to simulate outdoor microclimate conditions (air temperature, surface temperature, humidity, etc.) and human thermal comfort. Most importantly, numerical models A C C E P T E D M A N U S C R I P T make it possible to create and test a wide variety of tree locations and arrangements scenarios that are not practical to test in situ.
Numerical models consistently show that increased vegetation or tree coverage provide a cooling effect and improve the human thermal comfort, but what varies is the extent of cooling for a given amount of vegetation. Those variations occur due to the climatic environment at different geographic locations, the volume or the type of vegetation, and building layout or wind corridor design (Hsieh et al., 2016; Yang et al., 2017) . Although trees were widely confirmed to be effective in mitigating heat and improving human thermal perception in dense urban streets Morakinyo et al., 2017; Tan et al., 2015 Tan et al., , 2017 , research has seldom explored how residential tree locations, spacing, and arrangements influence the outdoor microclimates and human thermal comfort. Most of the existing literature simulates outdoor microclimates and human thermal comfort by randomly locating trees to a certain percent of the coverage or is simply based on the real-world landscaping design (Chen and Ng, 2013; Hsieh et al., 2016; Jan et al., 2013; Middel et al., 2015) . The obvious next step is to account for factors such as tree densities, locations, and arrangements in the numerical models to evaluate the cooling effects from trees and human thermal comfort. Further, none of the published research explores how to design tree locations and arrangements effectively to benefit both individual parcels and the surrounding residential neighborhood concurrently. Residents may want to maximize shade coverage of their south-facing facade by planting trees in the center of south front yard, but it is still unknown whether planting a tree between two houses can provide more substantial benefits to both the buildings and the neighborhood.
The goal of this research is to explore how tree locations and arrangements influence the outdoor microclimates and human thermal comfort. We use numerical simulation to address this question, and to determine how best to design tree locations and arrangements to benefit both individual parcels and residential neighborhood. The model reliability is first validated by mobile vehicle field measurements. Then, we designed and simulated different tree arrangements (clustered, dispersed, or equal intervals) in both building and neighborhood scales. This research will improve the theoretical and empirical understanding of the influence of tree locations and arrangements on outdoor microclimates and human thermal comfort in the desert residential neighborhood. The City of Tempe, located in the Sonora Desert, has a semi-arid climate. The mean annual rainfall is 237 mm and most of the rain occurs in the winter from December through March (112 mm) and during monsoon season at July and August (62 mm). June is the driest month with less than 1 mm mean annual precipitation. Maximum air temperature ranges from 39.3 C to 40.4 C during the summer months (June to August), and from 20.1 C to 22.6 C during the winter months (December to February). Minimum air temperature peaks at 24.0 C in July and can reach as low as 3 C in December (WRCC, 2015) .
Methodology
The research methodology is presented in Figure 2 . 
Microclimate Numerical Simulation
The base model was first tested in the ENVI-met simulation platform to verify the numerical models can represent accurate outdoor microclimates with current building, vegetation, and soil/surface conditions ( Figure 5 ). ENVI-met is a three-dimensional atmospheric model designed to simulate the urban surface-plant-air interactions, and has been utilized for simulating air flows between and around buildings, vegetation impacts of the local microclimates, heat exchange processes at the building walls or ground surface, and bioclimatology and pollutant dispersion (Bruse and Fleer, 1998) . The ENVI-met area input and configuration parameters for validation simulation are shown in Table 1 neighborhood we wanted to understand has a mixture of trees, shrubs, and grass coverage, a xeric initial soil temperature setting was used based on Middel et al. (2014) , as showed in Table 1 . We manually digitized the building boundary information based on Google map, with a consistent 4 m height to represent the common single-family house in the study area. We assigned the
emissivity and albedo of urban surfaces according to Erell et al. (2011 ), Oke (1992 , and Santamouris et al. (2013) (Table 2 ). For the model boundaries, we used forced lateral boundary conditions for the temperature and relative humidity, using data from the Phoenix Sky Harbor
International Airport weather station at 13 June 2017. Because this neighborhood was part of a large homogeneous residential neighborhood, we used cyclic lateral boundary conditions to represent the turbulent exchange coefficient by copying the inflow profile into the model domain. Washingtonia filifera (Desert palm) (Table 3) . Desert ash represents deciduous shade trees with large canopy coverage. Weeping acacia has similar height to desert ash, but it has relatively small canopy coverage (needle leaves) and fits better in a narrow vertical space. Desert palm is the typical tall palm tree with little shade coverage from the canopy. These three types of trees were the most common tree species in this specific neighborhood, and we utilized them to represent all other similar tree species in our study area. We chose the 5 cm height dense grass to simulate the urban lawns in the study area. Weeping acacia Acacia salicina Needles 9 6
Desert palm Washingtonia filifera Palms 9 10
Note: Tree information is obtained from the virtual library of Phoenix Landscape plants (Martin, n.d.) .
To assess the impacts of different tree locations and arrangements on the outdoor microclimates and human thermal comfort, we created 9 test scenarios in the residential neighborhood (Table 4) . Since this research focused on understanding the impacts of tree locations and arrangements to the outdoor microclimates and human thermal comforts, we used the same tree species (mature weeping acacia) in all of the simulation scenarios. Due to the tree size and space limitation in the residential building front yard, we did not simulate scenarios with more than two trees for each single-family household in the designed scenarios. We removed all the existing trees in the central street of the model to create a "no-tree" scenario To evaluate the outdoor human thermal comfort, we used physiological equivalent temperature (PET) as the indicator to show the thermal sensation under different simulated scenarios (Mayer and Höppe, 1987) . PET values were estimated by ENVI-met BioMet package to evaluate the effects of residential trees in improving outdoor pedestrians and residents comfort (Höppe, 1999) . 
Results

Fieldwork Validation
In support of a partial validation of model performance, we extracted 1.5 m air temperature from ENVI-met simulation results at 7:00 and 16:00 13 June 2017. Based on the location and time information from GPS, we identified the simulated air temperature on the validated transects. To avoid the boundary issues and the temperature instability at the inflow area, we used transect records within 20 m of the boundary. Since we conducted replicate traverses for each transect, we compared the mean observed temperature values with the simulated temperature at each location.
In the existing research with ENVI-met, the root mean squared error (RMSE) and mean absolute error (MAE) of air temperature are reported to be typically around 1-2 o C (Middel et al., 2014 . In our validation, the RMSE is 1. Table 5 , the error in the simulated temperature is predominantly systematic. Since we are more interested in the temperature difference between different tree location and arrangement scenarios, the systematic errors should cancel after calculating the temperature difference. Thus, we believe the ENVI-met simulations provide reliable microclimate output for this comparison effort.
RMSE (RMSES) and unsystematic RMSE (RMSEU). As shown in
In the validation results, ENVI-met simulated temperature was consistently higher than the validated temperature transects. Several issues may influence the simulated temperature and field temperature measurements. First, we did not model shrubbery in the ENVI-met study domain, which would provide extra cooling for the study area. Further, GPS location errors and thermocouples accuracy may also influence the air temperature transect results. Lastly, ENVI-met
requires a single wind direction that it maintains for the entire simulation period; we used the prevailing wind direction on 13 June, which was from the southwest. Clearly, this introduces additional uncertainty into the model results. Despite these limitations, ENVI-met does appear to capture the spatial location of local maxima in air temperature across the neighborhood in both morning and afternoon transects (shown in the red rectangular in Figure 7 ). This provides additional assurance of the model effectiveness for further simulation. We observe an unusual spike (0. 
Outdoor Microclimates Comparison
To compare how tree densities, locations, and arrangements influence the outdoor microclimates, we extracted 1.5 m air temperature at the hottest time in the summer afternoon (The upper and lower bounds of the box plots indicate the 25th and 75th percentile of the values, the whiskers represent the 5th and 90th percentiles, the red points show the mean value, and the red lines illustrate the median value)
Mean radiant temperature, which sums all short wave and long wave radiation fluxes to the human body (Thorsson et al., 2007) , is one of the most important factors that influences the human thermal comfort. In Figure 9 , we show how 1.5 m MRTs vary in all different scenarios at 15:00.
Planting one tree in the middle of building south front yard can produce approximately 5. 
Human Thermal Comfort Comparison
With the simulated air temperature, relative humidity, wind speed, and MRT, we simulated the PET at 1.5 m for both the entire neighborhood and two individual parcels in the neighborhood. Figure 11 shows the PET comparison in the residential neighborhood at 15:00. To achieve the best PET at 1.5 m, equal two trees arrangement is the best option to reduce mean PET from 50. (Figure 12a ), PET reduction from trees were more homogeneous in the neighborhood comparing to the dispersed tree arrangement, and less cooling benefit were overlapped in the equal interval tree arrangement.
(a) Two trees equal arrangement scenario vs. no tree scenario.
(b) Two trees dispersed arrangement scenario vs. no tree scenario. Moreover, we picked two individual parcels to understand how tree locations and arrangements influence their front yard human thermal comfort at 15:00. The PET comparison is shown in Figure   13 . The overall results are similar to the neighborhood scale, but we can observe a difference when locating one tree at the west/east corner of the building. Because two individual trees were located between building 5 and 6 ( Figure 5 ) and most of the afternoon shading cast to the building 6's front yard. This specific tree arrangement results in evident cooling benefit on the building 6 as showed in Figure 13b .
(a) Individual parcel (building 5).
(b) Individual parcel (building 6). By comparing the cooling benefits in the entire neighborhood and individual parcels, tree cooling benefits to the neighborhood and individual parcels are not contradicted. Multiple individual "cold spots" with effective tree arrangements in the neighborhood create an overall cooler neighborhood. This finding emphasizes the importance of wisely designing tree locations and arrangements in the individual house front yard. An appropriate tree arrangement will not only benefit the house owners, but also benefit the overall thermal environment in the residential neighborhood.
Although conventional wisdom recommends planting residential shade trees at the southwest corner of the building front yard for maximum shade benefits to houses, our simulation results
show that this strategy does not result in the most effective neighborhood cooling. The air temperature comparison show that locate a single tree at the west corner can provide the most temperature cooling benefits, however, the cooling magnitude is relatively small (0.11 o C air temperature cooling). When locating a single tree in the middle of the front yard, we will lose 0.05 o C air temperature cooling benefits, but gain 0.14 o C cooling of MRT, which is three times that of the air temperature cooling benefit. Both the west and the central front yard arrangements are a reasonable choice to plant a single residential shade tree in the modelled climate.
It is noteworthy that the two most effective strategies for improving neighborhood thermal comfort are (1) locating a single tree in the middle of the front yard and (2) locating two trees at equal intervals, both of which reduce PET by 1-1.5 o C across the neighborhood. The cooling benefits from trees can actually decrease the human thermal comfort level from "extra hot" to "very hot" in this hot summer day (Crewe et al., 2016) . Both tree arrangement scenarios correspond with findings in Zhao et al. (2017) . These results support that the best tree arrangement can provide the best shading benefits to the outdoor human thermal comfort as well as the buildings. In a
neighborhood without homeowner association (HOA) regulations, it is difficult to arrange residential trees in a strictly equal interval arrangement. Thus, it is important to make the urban residents understand the importance of tree shade in the hot arid desert environment and offer advice when they attempt to plant a new tree to their residential parcel. For a residential neighborhoods with HOA regulations, adding a maximum tree number regulation and emphasizing the importance of avoiding tree canopy overlap is important and necessary.
In a desert city, evapotranspiration is largely inhibited by extreme heat (Upreti et al., 2017) .
Thus, radiation exchange is the dominant factor to influence the overall urban thermal environment. The tree locations and arrangements recommendation in this research may not be effective in another climate zone such as the tropical monsoon climate cities. In a hot humid environment, both shading and ventilation are important factors to be considered. In other climates, excessive clustered tree arrangement may reduce the wind speed and decrease the evaporation rate of people's skin, which will have a detrimental effect on human thermal comfort (Hsieh et al., 2016) . The best tree arrangement will be expected to find the balance of shading benefits as well as satisfactory wind environment in the residential neighborhood.
Several limitations exist in this research. Although the microclimates and human thermal benefits from residential trees are very important, we did not account for the ecological, aesthetic, health, and physiological benefits of trees (Roy et al., 2012; Sarajevs, 2011) . Nor did we consider the role of irrigation requirements. Further, we only used one common desert shade tree in the simulation. It provided limited coverage of tree shade with its needle leaves. Other tree species with different tree height, leaf area index, canopy density, and crown size may recommend different results from this research (Armson et al., 2013) . The tree growing process can also be considered in the future research to understand how trees will influence the urban built environment in a long time period (Rahman et al., 2015) . Lastly, vehicle-based validation transects (especially during the night time) need to be repeated more frequently in a 24-hours period with higher accuracy GPS sensors, and it would be expedient to set up a small weather station to measure the air temperature, relative humidity, and wind speed in the experimental neighborhood.
This will further improve the overall microclimate simulation and validation results.
Conclusions
Trees provide important benefits to outdoor microclimates and human thermal comfort in the desert environment. Considering the planting, maintenance, and irrigation costs, it is important to 
